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Statement of the Problem Studied 
The goal of this project is to develop lead compounds for antibiotic development targeted 
to the tmRNA pathway. These antibiotics are expected to have broad host specificity and 
will be assayed against pathogens of military interest, including Bacillus anthracis. 
Specifically, this project aims to: 1) develop screening methods for identification of 
tmRNA pathway inhibitors; 2) identify and optimize inhibitors from libraries of cyclic 
peptides; 3) test the bactericidal and plasmid elimination efficacy of lead compounds 
against B. anthracis and other pathogens; and 4) use high-throughput screening methods 
to identify small molecule inhibitors of the tmRNA pathway. Methods for identifying 
inhibitors of the tmRNA pathway have been developed and cyclic peptide inhibitors of 4 
different steps in the tmRNA pathway have be selected and optimized. These inhibitors 
have antibiotic activity against B. anthracis, and are particularly potent when used in 
combination with the linear antibacterial peptide LL-37. Screening methods were adapted 
and optimized for high-throughput technology, and, through a collaboration with the 
Genomics Institute of the Novartis Research Foundation, 52 small molecule inhibitors 
were identified from a library of over 650,000 compounds. These small molecule 
inhibitors are potent antibiotics, with MIC values <0.2 mg/l.  
 
Summary of the Most Important Results 
Reporter strains for identification of inhibitors. Reporter strains were developed for 
degradation of tmRNA-tagged proteins by producing a variant of the fluorescent protein 
GFP with the tmRNA-encoded peptide at the C terminus (GFP-AANDENYALAA). 
Reagents were also engineered to identify inhibitors of the tmRNA pathway that act prior 
to proteolysis. Eight different sequences with the potential to target proteins to the 
tmRNA pathway were cloned at the 3’ end of three different fluorescent proteins, GFP, 
YFP, and mCherry. The potential reporters were produced using three different 
promoters in wild-type E. coli and cells deleted for tmRNA. The best reporter was GFP 
with two tandem targeting sequences, a trpA transcriptional terminator followed by two 
proline codons. This reporter was adapted for high-throughput screening by replacing the 
gene encoding GFP with one encoding luciferase. This set of reporters allowed us to 
identify and characterize inhibitors of the tmRNA pathway. 
Cyclic peptide inhibitors of proteolysis. Using the GFP-AANDENYALAA reporter, 
cyclic peptides that inhibit degradation of tagged proteins were isolated from two 
SICLOPPS libraries. Six peptides were synthesized and assayed in an in vitro 
reconstituted system to determine the efficiency of inhibition and the precise step in the 
molecular mechanism of proteolysis that was inhibited. The peptides acted at three 
distinct steps in the proteolytic pathway: binding of the substrate to the ClpXP protease, 
binding of the proteolytic adaptor SspB to the ClpX subunit, and translocation of the 
bound substrate into the ClpXP active site. Three of the isolated inhibitors had 
bactericidal activity when added to cultures of the model species C. crescentus, with the 
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most efficient inhibitor having a minimum bactericidal concentration (MBC) of 40 μM. 
Details of these results were published in the journal Protein Science (Cheng et al., 
2007). These inhibitors demonstrate that 1) inhibitors of multiple steps in the tmRNA 
pathway can be isolated using the technologies developed here; 2) inhibitors of the 
tmRNA pathway are bactericidal; 3) cyclic peptides that inhibit the tmRNA pathway 
have bactericidal activity, despite anticipated problems with transport across the bacterial 
membrane. More details antibiotic assays using these peptides are described below. 
Cyclic peptide inhibitors of tagging. The Gfp-trpAt reporter was used to screen the 
SICLOPPS SGWX5 library for inhibitors of the tmRNA pathway, and 10 cyclic peptide 
inhibitors were identified. In principle, these inhibitors would include those that block 
proteolysis as well as tmRNA tagging. Therefore, the proteolysis inhibitors were 
eliminated by screening the peptides using the GFP-AANDENYALAA reporter. Three of 
the cyclic peptide inhibitors do not block proteolysis, and therefore are inhibitors of 
tmRNA tagging.  
Antibiotic activity of cyclic peptide inhibitors. Four cyclic peptides that block different 
steps of the tmRNA pathway, XB, IXP1, ITM1, and ITM2, were tested for antibiotic 
activity against Bacillus anthracis using broth dilution assays. The MIC values were 400-
1000 μM. These cyclic peptides were tested for antibiotic activity against a panel of 
pathogenic bacteria (Table 1). MIC values <125 μM were obtained for M. tuberculosis, 
A. baumannii, B. pertussis, B. cepacia, S. marcescens, S. pneumonia, and C. freundii. 
These species are from a wide phylogenetic distribution of bacteria, and indicate that the 
isolated inhibitors have a broad specificity. 
 
Table 1: MIC values for cyclic peptide inhibitors against pathogenic bacteria. 

  MIC (µg/mL) 
species disease cXB cIXP1 cITM1 cITM2 

B. anthracis anthrax 250 250 250 250 
S. aureus skin infections 250 250 250 250 
M. 
tuberculosis 

tuberculosis 
125 - 62.5 125 - 62.5 

125 - 62.5 125 - 62.5 

A. baumannii 
wound 

infections 125 - 62.5 125 - 62.5 
125 - 62.5 125 - 62.5 

S. marcescens 
wound 

infections 125 - 62.5 125 - 62.5 
125 - 62.5 125 - 62.5 

S. pneumoniae 
bacterial 
meningitis 62.5 62.5 62.5 62.5 

P. aeruginosa 
respiratory 
infections 125 125 

125 125 

H. influenza pneumonia 125 125 125 125 
B. cepacia pneumonia 125 - 62.5 125 - 62.5 125 - 62.5 125 - 62.5 
C. freundii bacteremia 62.5 62.5 62.5 62.5 
B. pertussis whooping cough 125 - 62.5 125 - 62.5 125 - 62.5 125 - 62.5 

E. faecium 
intestinal 
infections >250 >250 

>250 >250 

C. difficile colitis >250 >250 >250 >250 
L. 
monocytogenes 

listeriosis 
>250 >250 

>250 >250 

Y. pestis plague >250 >250 >250 >250 
F. tularensis tularemia >250 >250 >250 >250 

K. pneumoniae 
nosocomial 
infection >250 >250 

>250 >250 

M. catarrhalis 
respiratory 
infection >250 >250 

>250 >250 

P. vulgaris 
wound 

infections >250 >250 
250 >250 
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Small molecule inhibitors of the tmRNA pathway. Based on the success of our screen 
for cyclic peptide inhibitors of the tmRNA pathway and on the ability of these inhibitors 
to kill pathogenic bacteria, we collaborated with the Genomics Institute of the Novartis 
Research Foundation to screen for small molecule inhibitors. To enable high-throughput 
screening, the tmRNA pathway reporters were adapted by replacing the gfp gene with 
luc, encoding firefly luciferase, and the assays were optimized for use in 1536-well plate 
format. The Luc-trpAt reporter produced a 20-fold dynamic range of luciferase activity, 
and was used by GNF to screen a library of 663,000 small molecule compounds. All the 
compounds in this library were predicted to have good pharmacological properties based 
on Lipinski parameters and other criteria used by GNF and Novartis. Initial hits from this 
screen were confirmed in duplicate in a dose-response format. 52 compounds produced 
>2-fold increase in luciferase activity at a concentration of 10 mM, and have been 
obtained from the supplier indicated in Table 2.  

To confirm the hits from high-throughput screening, compounds were added to 
exponential phase cultures of E. coli producing GFP-trpAt and cells were observed by 
fluorescence microscopy to ensure that trans-translation was inhibited. All 52 compounds 
resulted in fluorescence from cells producing GFP-trpAt, indicating that the compounds 
inhibit trans-translation and do not specifically interfere with the luciferase reporter. To 
distinguish between inhibitors of tagging and inhibitors of proteolysis, compounds were 
screened using cells producing the GFP-tag reporter. 27 compounds resulted in 
fluorescence with GFP-tag, indicating that they are inhibitors of proteolysis (Table 2). 18 
compounds resulted in no fluorescence with GFP-tag, indicating that they do not inhibit 
proteolysis and suggesting that they inhibit tagging. 7 compounds produced inconsistent 
results and need to be characterized further before an assignment can be made. These 
data strongly suggest that the set of 52 compounds contains a significant number of 
inhibitors of both tagging and proteolysis. 

Table 2: Small molecule inhibitors of trans-translation. 
   MIC g/ml (M) 2 

SID vendor step inhibited1 S. flexneri  B. anthracis 
SID10959901 Life Chemicals tagging 4.0 (12.5) 7.9 (25) 
SID11111812 Chembridge proteolysis 1.9 (6.25) 15.0 (50) 
SID10366423 Life Chemicals  0.6 (1.56) 0.6 (1.56) 
SID4926485 Chemdiv tagging 0.8 (1.56) 12.5 (25) 
SID4108743 Chemdiv proteolysis  4.1 (12.5) 
SID11111073 Chembridge proteolysis   
SID10964929 Life Chemicals tagging 12.0 (6.25) 0.5 (1.56) 
SID5847032 Chemdiv proteolysis  9.1 (25) 
SID10973176 Life Chemicals proteolysis 17.3 (50) 8.6 (25) 
SID10959899 Life Chemicals proteolysis   
SID11117914 Chembridge  44.3 (100) 11.1 (25) 
SID4942270 Chembridge proteolysis   
SID11110358 Chembridge proteolysis 23.0 (100)  
SID4132366 Chemdiv tagging   
SID11110927 Chembridge tagging   
SID10964938 Life Chemicals tagging 35.1 (100) 8.8 (25) 
SID10961740 Life Chemicals  2.0 (6.25) 0.5 (1.56) 
SID11022545 Asinex proteolysis  35.6 (100) 
SID10965015 Life Chemicals    
SID11111947 Chembridge proteolysis  56.6 (200) 
SID1097233 Chemdiv tagging 50.0 (200) 49.9 (200) 
SID4740973 Chemdiv proteolysis   
SID4244454 Chemdiv    
SID10362497 Life Chemicals tagging 9.0 (25) 0.6 (1.56) 
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SID11042239 Asinex proteolysis  7.8 (25) 
SID4741953 Chemdiv proteolysis   
SID5942530 Chemdiv proteolysis 11.0 (25) 0.7 (1.56) 
SID10366424 Life Chemicals tagging 1.2 (3.125) 0.3 (0.78) 
SID10362524 Life Chemicals tagging 17.3 (50) 8.7 (25) 
SID922315 Asinex tagging 14.4 (50) 7.2 (25) 
SID5200115 Maybridge tagging   
SID10961694 Life Chemicals tagging 16.6 (50) 8.3 (25) 
SID10961698 Life Chemicals proteolysis 2.1 (6.25) 2.1 (6.25) 
SID11025924 Asinex proteolysis 57.5 (200) 7.2 (25) 
SID10959935 Life Chemicals proteolysis  8.3 (25) 
SID10961733 Life Chemicals proteolysis 1.8 (6.25) 1.8 (6.25) 
SID11021538 Asinex tagging 0.8 (3.125) 6.6 (25) 
SID4856315 Chemdiv proteolysis 27.7 (100)  
SID10961697 Life Chemicals  2.1 (6.25) 1.0 (3.125) 
SID11030386 Asinex proteolysis   
SID5427002 Asinex proteolysis  8.3 (25) 
SID5942533 Chemdiv proteolysis 93.3 (200) 11.7 (25) 
SID10961710 Life Chemicals proteolysis 14.2 (50) 14.2 (50) 
SID10994442 Chembridge tagging   
SID4900455 Asinex tagging   
SID10965069 Life Chemicals tagging 32.0 (100)  
SID11103495 Chembridge proteolysis  62.5 (200) 
SID1115396 Chemdiv tagging  5.0 (25) 
SID11113620 Chembridge proteolysis   
SID3324811 Life Chemicals proteolysis 14.5 (50) 7.3 (25) 
SID10959899 Life Chemicals proteolysis  57.8 (200) 

1Reaction that is affected based on characterization with GFP-tag and GFP-trpAt reporters. Blanks indicate no 
determination has been made yet. 
2Preliminary MIC values from broth microdilution assays. Values in parentheses are for the same assays, but in units of 
M. Blanks indicate no inhibition has been observed. Most numbers are derived from a single experiment. 

 

To determine if trans-translation inhibitors have any antibiotic activity, we performed 
an initial MIC determination using S. flexneri 2a 2457T and B. anthracis Sterne. Both 
strains were grown to exponential phase in LB medium at 37°C and diluted to 5 x 105 
cfu/ml (the concentration was estimated by optical density at 600 nm and confirmed by 
plating on LB). 50 ml culture was incubated with 2-fold serial dilutions of each 
compound, starting at a concentration of 200 mM, in microtiter trays. After incubation at 
37°C for 20 h, the trays were visually inspected and the lowest concentration of 
compound that resulted in a well with no turbidity was scored as the MIC. 27 compounds 
inhibited growth of S. flexneri at <200 mM (Table 2). 7 compounds have MIC values <2 
mg/ml, the MIC reported for nalidixic acid, an antibiotic used to treat S. flexneri 
infections. 34 compounds inhibited growth of B. anthracis, and although none of these 
had an MIC as low as ciprofloxacin, 6 have MIC values <1 mg/ml. These results indicate 
that some of the trans-translation inhibitors have antibiotic activity at concentrations that 
are favorable for drug development. 
Co-antibiotic activity of protease inhibitors. The MIC values obtained with tmRNA 
inhibitors demonstrate that they can inhibit the growth of bacteria in culture, but several 
lines of evidence suggest that they might be even more effective during pathogenesis. 
tmRNA and ClpXP are essential in some species, but in many others they are required for 
virulence but not viability. In addition, inhibitors directed against other proteases 
decrease the ability of B. anthracis and multiple-resistant strains of S. aureus (MRSA) to 
infect and persist in the host. To determine if the cyclic peptide inhibitors of tmRNA and 
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ClpXP affect infection and clearance of B. anthracis and MRSA, we initiated a 
collaboration with Dr. Victor Nizet at the University of California, San Diego. Dr. Nizet 
is an expert on virulence of B. anthracis and MRSA. First, effective use of our ClpXP 
inhibitor IXP1 as a co-antibiotic against B. anthracis was demonstrated. The innate 
immune system attacks bacteria using antimicrobial peptides, but B. anthracis and S. 
aureus mount a defense against these antimicrobial peptides using extracellular 
peptidases. Production of active peptidases requires ClpXP, so inhibition of ClpXP by 
IXP1 was expected to make the cells more susceptible to killing by the innate immune 
system. In collaboration with the laboratory of Victor Nizet at UCSD, we have shown 
that IXP1 does, in fact, increase the effectiveness of the human antimicrobial peptide LL-
37 (Fig. 1). These results indicate that IXP1 may be highly effective in vivo, because it 
will both inhibit growth of B. anthracis and promote killing by the innate immune 
system. Similar results were obtained with the small molecule inhibitor of proteolysis, 
SID11042239. Trials for clearance of B. anthracis and S. aureus are underway using 
neutrophil and murine model systems. 
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Fig. 1: Co-antibiotic activity of IXP1. B. anthracis was grown in the presence of 
sub-lethal concentrations of IXP1 or the human antimicrobial peptide LL-37, or both 


